A non-conductive polymer was used as an extraction matrix in electrosorption procedures. The monolithic porous polymer was prepared by the in situ stepwise polymerization of epoxy resin and diethylenetriamine as the curing agent and polyethylene glycol (PEG-1540) as the pore-forming reagent. The working electrode consisting of a metal wire coated with epoxy resin-based polymer was connected to a direct high-voltage power supply, employing a platinum wire as the counter-electrode. The aqueous solution of Cresol Red selected as a model target analyte was extracted by electrosorption-enhanced micro-column solid-phase extraction, and the concentration determined by UV-vis spectrophotometric methods. The experimental conditions, including the electric potential, the extraction and desorption time, the pH of the initial solution and ionic strength, were optimized. The results showed that the adsorption rate and capacity towards Cresol Red could be improved significantly by anodic polarization, while cathodic polarization had a smaller effect on the adsorption process. The kinetics of the process were determined as Lagergren first-order. The electrosorption isotherm was in good agreement with the Freundlich and linear equations. The equilibrium adsorption capacity was four-times higher at 300 V and 20 min, in comparison with the absence of an electric field.
INTRODUCTION
Electric field-enhanced adsorption is defined as potential polarization-induced adsorption on the surface of electrodes (Bán et al. 1998) . After the polarization of the electrodes, the polar molecules or ions can be extracted from the electrolyte solution by the imposed electric field, and adsorbed onto the surface of the electrode. Electric field-enhanced adsorption always requires good conductivity and a high-area porous medium as the adsorbent. Examples of some of the electrode materials used at present include carbon powder and granular active carbon (GAC) (Plaisance et al. 1996) , active carbon fibre (ACF) (Ayranci and Conway 2001a; Niu and Conway 2003; Han et al. 2006; Huang, C.C. and Su 2010) , carbon aerogel (Yang et al. 2001; Gabelich et al. 2002; Swiatkowski et al. 2004; Afkhami et al. 2008; Liu et al. 2011) , etc. Because the method involves low energy consumption and is environmentally friendly, it has been applied successfully for the adsorptive removal of metal ions (Ayranci and Conway 2001b; Niu and Conway 2002; Lin et al. 2006) and organic contaminants such as phenols, aniline, chloroform, dyes and other organics from dilute aqueous solutions. Inorganic or metal ions have also been reported to be concentrated onto the surface of the carbon materials. The adsorptive capacity and extraction rate were improved by the imposed electric field. Previous reports have had some common features: (1) most of the researchers used conductive carbon materials as the adsorbent medium; and (2) due to the electroconductivity of adsorbent media, the electrically enhanced adsorption was investigated below the oxidation-reduction potential (ORP) to prevent the electrolysation of the adsorbate, thereby limiting the magnitude of the applied voltage.
Porous electrodes were regarded as better adsorption materials for providing the electrochemical active surface. The adsorption characteristics of organic components on the porous electrodes were investigated, the results showing that the amount of electrolyte ions adsorbed was directly proportional to the energy stored in the electrical double layer. Moreover, the double-layer energy had a positive correlation with the cross-sectional area of the bed, its length and the potential difference. However, the double layer of porous electrodes is not formed mainly on the electrode surface but within the pores. When the pore size is equal to or smaller than the double-layer thickness, it will result in the spatial "overlap effect" and the electrical double layer will not easily be formed (Yin and Chen 2003) . Hence, the pore size of electrode materials is a key factor for electrosorption.
Porous monolithic materials prepared by in situ polymerization have been widely used as the stationary phase in the separation techniques of solid-phase extraction (SPE) and solid-phase micro-extraction (SPME) (Huang, X.J. et al. 2007 (Huang, X.J. et al. , 2008a (Huang, X.J. et al. ,b, 2009 . SPE is one of the most important pre-concentration methods for hazardous materials, and SPME has become an important research topic in sample-handling techniques in recent years (Pawliszyn 2009 ). However, SPME is currently used only in analytical chemistry due to the small adsorption capacity. Although the adsorption capacity of a sorptive extraction stir bar (SBSE) is substantially higher than that of an SPME fibre, it is still lower than that of SPE. Additionally, the stir bar has a relatively short life because of abrasion and the types of coating for SBSE have been limited (Rojas et al. 2009 ). To date, a limited number of electrically-enhanced SPME studies have been reported. For example, a self-made conductive polymer-coated fibre was applied to the electrochemical enrichment control of arsenate ions in water (Gbatu et al. 1999 ) and an activated carbon fibre has been employed as the adsorption material for aniline (Chai et al. 2007 ).
In the present work, Cresol Red was selected as the target compound for investigating the possibilities and limitations of a non-conductive polymer micro-column for electrosorptionenhanced solid-phase extraction. The arrangement of the electrosorption system is shown schematically in Figure 1 . 242 Sui Wang et al./Adsorption Science & Technology Vol. 30 No. 3 2012 Electric blender/ mechanical stirrer Micro-column Platinum wire DC power supply Electro-enhanced adsorption of 10 mᐉ of an aqueous Cresol Red solution onto the microcolumn by self-rotation and anodic polarization Washing the micro-column with 3 mᐉ of a 0.5 mol/ᐉ NaOH solution without the application of an electrical field Aqueous solution of Cresol Red Figure 1 . Schematic diagram of the static state electrosorption apparatus employed.
EXPERIMENTAL

Reagent and materials
AnalaR grade NaCl, NaOH and HCl were supplied by the Tongsheng Chemical Reagent Co., Jiangsu, P. R. China. The epoxy resin was supplied by the Wujiang Resin Factory, Jiangsu, P. R. China). Cresol Red, polyethylene glycol (PEG-1540) and diethylenetriamine of analytical grade were supplied by the Sinopharm Chemical Reagent Co., Shanghai, P. R. China. Ultrapure water (conductivity, 18.2 MΩ/cm) was obtained from an ultrapure water system (Millipore Academic, Millipore Corp., Billerica, MA, U.S.A.). Platinum wire was purchased from CH Instruments, Inc., Shanghai, P. R. China. The high-voltage DC power supply (DW-P303-1ACD8) was purchased from the Dongwen High Voltage Power Supply Factory, Tianjin, P. R. China), while the electric blender (JJ-1, 100 W) was purchased from the Changzhou Guohua Electronic Appliance Co., Jiangsu, P. R. China. A UV-vis spectrophotometer (TU-1901, Beijing Purkinje General Instrument Co., Beijing, P. R. China) was used for the detection and measurement of the amount of Cresol Red in aqueous solution.
Preparation of the micro-column for electrosorption-enhanced SPE
The monolithic porous polymer micro-column was prepared via an in situ step-polymerization reaction in accordance with literature reports Zhang 2006, 2007; Pan et al. 2006) . A stainless steel wire (30 mm length × 1.0 mm diameter) was cleaned, dried and then coated with a thin layer of a commercially available epoxy adhesive system. A solution containing a mixture of polyethylene glycol (PEG-1540) (61 wt%, as the pore-forming reagent), diethylenetriamine (8 wt%, as the curing reagent) and epoxy resin (EP) (31 wt%) was prepared and placed in a syringe (8.0 cm × 0.5 cm i.d.) for injection purposes. When the reaction liquid had become a white sticky paste (after ~ 1 h at 60 o C), the coated stainless steel wire was placed vertically and centrally in the micro-column. A small section of the wire was left exposed outside the micro-column which was sealed and maintained at 60 o C for 24 h. Finally, the prepared micro-column was washed repeatedly with purified water until the pore-forming reagent had been completely removed.
Electrosorption and desorption processes
The apparatus employed for these studies included an electrosorption tank, a mechanical stirrer, a power supply, a platinum wire and a monolithic porous polymer micro-column. As shown in Figure 1 above, the positive electrode was connected to the micro-column while the negative electrode was connected to the platinum wire. The initial concentration of Cresol Red in the aqueous solution was 5.0 µg/m . In the electric field-enhanced SPE process, the home-made micro-column connected to a 300 V supply was rotated at 400 rpm/min for the necessary time length at room temperature. The electric current was controlled at 0.3 mA, but could be adjusted by means of a variable resistor if necessary. After the extraction process, the micro-column was removed from the electrosorption tank and rotated at the same speed in 3.0 m of a 0.5 mol/ NaOH solution for 25 min at 0 V in order to effect desorption of the Cresol Red. The eluting solution was then collected and the concentration of Cresol Red contained determined by UV-vis spectrophotometric measurements.
Adsorption/electrosorption kinetic studies
Adsorption/electrosorption tests were undertaken at room temperature and used to investigate the effects of various parameters on the process. For this purpose, the micro-column was immersed in 50 m of an aqueous solution of Cresol Red contained in a beaker and rotated at 0 V or 300 V, respectively. Samples of the solution (0.5 m ) were removed at known time intervals, diluted by the addition of 1.0 m of a phosphate buffer solution (pH 6.0) and the amount of Cresol Red determined by means of a UV-vis spectrophotometer. This procedure was repeated until equilibrium was attained, i.e. after 20 min in the present work. The adsorption capacity of the first sample (q 1 , mg/g) was calculated according to the equation:
(1)
while the adsorption capacity of the second sample (q 2 ) was calculated as:
( 2) Similarly, the adsorption capacity of the nth sample (q n ) was calculated via the equation:
(
where C 0 , C 1 , C 2 and C n are the initial concentration and the concentration of Cresol Red in aqueous solution after the first, second and the nth sampling time, respectively (µg/m ), V 0 is the initial volume of the solution (m ) and m is the mass of the polymeric adsorbent (g). The mass of the polymeric adsorbent was obtained according to the following procedure. After completing the kinetics and thermodynamics experiments, the polymeric adsorbent was peeled from the micro-column, dried and weighed. Then, on the basis of the concentration data for Cresol Red, it was possible to calculate the adsorption capacity (mg/g).
Electrosorption thermodynamics studies
The initial concentration of Cresol Red in solution was in the range 1.0-15.0 µg/m . The concentration of Cresol Red remaining in the aqueous solution after adsorption at 300 V for 20 min was determined by UV-vis spectrophotometry at 572.5 nm where the eluting solution exhibited a maximum absorbance. The equilibrium electrosorption capacity (q e ) was calculated from the equation:
where C e is the equilibrium concentration of Cresol Red in the aqueous solution (µg/m ).
RESULTS AND DISCUSSION
Effect of the applied voltage
The electrical potential plays a very important role in the electrosorption process. As shown in Figure 2 , anodic polarization enhanced the adsorption of Cresol Red. In contrast, cathodic polarization had a lesser effect on the adsorption process. The properties of the adsorbent and adsorbate are the principal factors in the electrosorption process (Han et al. 2006 ). In the absence of an electrical field, the motion of the Cresol Red molecules in solution is random and they are adsorbed onto the adsorbent surface via hydrogen bonding and intermolecular forces. In the presence of an electrical field, the existence of ionic Cresol Red molecules and a charged adsorbent surface would lead to additional electrostatic interaction and, hence, stronger interactions. At an anodic polarization potential of +300 V, the charged Cresol Red molecules were attracted to the micro-column in an orderly fashion, with the benzene ring to which the sulphonic group was attached being orientated towards the surface of the micro-column. In contrast, when the micro-column was connected to the negative electrode, the benzene ring with the attached quinonyl group approached the surface, despite the fact that the Cresol Red molecules were now moving in the opposite direction to the micro-column. In this work, an anodic polarization potential of +300 V was chosen for the studies described below.
Effects of extraction time and desorption time
The adsorption characteristics of Cresol Red on the micro-column were compared at 0 V and +300 V, respectively. The results (Figure 3 overleaf) show that the adsorption capacity of the microcolumn towards Cresol Red could be effectively enhanced by the anodic polarization potential. In the presence of the driving force generated by the electrical field, the Cresol Red molecules moved towards the micro-column and were adsorbed onto its surface.
At +300 V, the concentration of Cresol Red showed a small decrease after 10 min. A possible reason is that, at this applied voltage, the Cresol Red molecules in the aqueous solution were substantially converted from the molecular to the ionic form. The reaction equilibrium was altered when the system was subjected to Faradic polarization and when the pH value was influenced by the electrolysis of water. These effects are discussed further in Section 3.3.
As described above, the desorption time was varied from 10 min to 60 min. The data depicted in Figure 4 show that the concentration of Cresol Red in the desorption solution increased gradually and attained a plateau after ca. 25 min, indicating that desorption had been completed. As a consequence, the eluting time was chosen as 25 min. 246 Sui 
Effects of pH and ion strength
Electrosorption of Cresol Red at pH values of 4.0, 6.0, 10.0 and 12.0 was investigated under anodic polarization conditions (see data listed in Table 1 ). The pH of the solution was adjusted by the addition of NaOH or HCl solution. As a result of this procedure, the forms of Cresol Red in solution and the charge characteristics of the adsorbent surface would be influenced by the pH value ( Figure 5) . At low pH values, it was found that no adsorption of Cresol Red occurred on the micro-column and that the current attained a saturation value of 1.30 mA in strong acid or alkaline medium. Due to de-protonation, the adsorbate was principally electro-adsorbed (> 99.9%) as the Cresol Red anion at pH > 10, i.e. when NaOH solution was added to the system. The extraction of protonated Cresol Red onto the micro-column decreased with time until a steady state was attained between the release of the adsorbed anion back into solution and the attraction of the free anion from solution onto the charged surface. Protonation would lead to the cationization of Cresol Red molecules in strong acid medium, which explains the weak adsorption in acidic media. For this reason, the electrosorption of Cresol Red was controlled at pH 6.0.
The effect of NaCl on the electrosorption process was also examined at concentrations of 0.0, 0.005, 0.1 and 0.5 µg/m (Table 1) . Under these circumstances, an unexpected but interesting phenomenon was found, viz. the presence of NaCl also exhibited a negative effect on the electrosorption of Cresol Red. Hence, the addition of NaCl was not considered in the present work.
The above experimental results show that protonation/de-protonation and high ionic strengths introduce some negative factors for adsorption (Liu et al. 2011) , such as increasing conductivity, increasing local temperature at the solid/liquid interface, concentration changes due to diffusion and the generation of tiny bubbles as a result of these processes. These bubbles become attached to the surface of the porous micro-column adsorbent and occupy adsorption sites.
Adsorption/electrosorption kinetics
To investigate the kinetics of the electrosorption of Cresol Red onto the micro-column, classical time versus concentration and time versus adsorption capacity curves were plotted as depicted in Figure 6 . The time versus adsorption capacity curves were plotted as a test for the application of the Lagergren first-order kinetic equation [equation (5) 
where q t is the adsorption capacity (mg/g) at time t (min), and k 1 is the Lagergren first-order rate constant (min -1 ). The fitted results are presented in Figure 6 above. Application of the Lagergren first-order kinetic model led to R 2 values of 1.0000 at 300 V and 0.9599 at 0 V, and k 1 values of 0.1635 min -1 at 300 V and 0.0699 min -1 at 0 V, indicating that this model provided a good correlation of the adsorption of Cresol Red onto the micro-column. The data depicted in the figure indicate that a time of 20 min was needed to attain equilibrium whether an electrical field was imposed or not. The migration rate of Cresol Red in the aqueous solution and the adsorption capacity of the micro-column could be effectively enhanced by the polarization potential. The concentration of Cresol Red was greatly reduced after 20 min at 300 V relative to the situation at 0 V. After polarization of the micro-column, the Cresol Red molecules were moved to the micro-column by the imposed electric field and were adsorbed onto its surface. The equilibrium adsorption capacity at 300 V was approximately four times greater than that at 0 V.
Electrosorption isotherms
The capacity of an adsorbent can be described by means of an adsorption isotherm (Huang and Su 2010; ; this could be used to explore the electrosorption mechanism much more thoroughly. Electrosorption isotherm equations can explain the electrosorption process under equilibrium conditions and provide an easier solution to the complex problem. The Langmuir and Freundlich models are the most common isotherms used to fit the experimental equilibrium data. In addition, another isotherm model, i.e. the linear model, was also tested in the present work.
The general form of the Langmuir isotherm may be written as:
where q m is the maximum electrosorption capacity (mg/g), K L is the Langmuir constant ( /mg), and C e is the concentration of adsorbate at equilibrium (mg/ ). The Freundlich empirical model is represented by:
where K F and n are the Freundlich constants, K F being a rough indicator of the adsorption capacity ( /g) and 1/n is an empirical parameter related to the adsorption intensity. The parameters of the Langmuir, Freundlich and linear models for Cresol Red electrosorption onto the micro-column at 300 V are listed in Table 2 , while the corresponding electrosorption isotherms are depicted in Figure 7 overleaf. The R 2 values associated with the application of the Langmuir, Freundlich and linear isotherms were 0.0850, 0.9300 and 0.9418, respectively. These results indicate that the electrosorption of Cresol Red onto the micro-column could be well fitted by the Freundlich and linear models. The value of n was found to be 1.457, i.e. between 1 and 10, indicating that the electrosorption performance of Cresol Red was favourable under the conditions studied (Ho and McKay 1998) .
The following two facts arise from the electrosorption experiments: (i) the sorption rate was increased in the presence of an applied voltage; and (ii) on the basis of the kinetics and thermodynamics experiments, the sorption capacity also increased. The increase in the sorption rate may be associated with an electrophoretic process which is the main driving force for the charged particles. This accelerating extraction by a strong electrical field in liquid-phase microextraction has also been called electrokinetic migration (Ali and Amirhassan 2010). The later may arise from the electrosorption process which mainly changes the surface characteristics of the adsorbent. As a consequence, electrophoretic deposition and electrosorption may have occurred simultaneously in the experiments conducted in the present work.
Standard calibration curve
A series of standard solutions containing 0.1, 0.3, 0.5, 1.0, 3.0 and 5.0 µg/m of Cresol Red, respectively, in a phosphate buffer solution (pH 6.0) were prepared for constructing a calibration curve. The regression equation for the resulting standard curve was: y = 0.2267x -0.0767, R 2 = 0.9992, where y is the absorbance of the eluting solution and x is the concentration of Cresol Red (µg/m ). In the presence of an imposed electrical field, linearity over the 0.3-5.0 µg/m range was observed, indicating that even under the application of such an electrical field the electrosorption of Cresol Red onto the micro-column still maintained a good linear relationship.
Characteristics of the home-made micro-column
The morphological structure of the home-made micro-column for solid-phase extraction was characterized by scanning electron microscopy (SEM), when the polymer grains and skeletal structure could be clearly observed (Figure 8 ). The open macroporous structure is beneficial for providing a high mass-transfer rate and reducing the length of the extraction time. Such properties could be suitable for electrode materials employed in electrosorption processes (Yin and Chen 2003) . The stability of the home-made micro-column is also likely to be an important factor in practical applications. In order to test this factor, the micro-column was subjected to several batch extraction/elution operations. The results showed that the micro-column could be used at least 10 times without any loss of its extraction capability. Hence, both the re-usability and the stability were satisfactory.
CONCLUSIONS
In order to enhance the adsorption capacity and shorten the extraction time, a novel electrosorption-enhanced micro-column solid-phase extraction process has been successfully developed. In contrast to the conductive carbon-based materials adopted in most previous research reports, a new non-conductive epoxy resin-based porous monolithic polymer was used as the adsorbent combined with a relatively high voltage to enhance the adsorption performance.
The adsorption/electrosorption capacities of the micro-column towards Cresol Red were measured at 0 V and 300 V, respectively. The experimental results showed that the equilibrium adsorption capacity at 300 V was about four times higher than that at 0 V. The experimental kinetic data for the adsorption/electrosorption of Cresol Red could be well fitted by the Lagergren first-order kinetic model. Similarly, the experimental equilibrium isotherm data for electrosorption at 300 V could be well simulated by both the Freundlich and linear models.
This work provides some valuable suggestions for broadening the scope of electrosorption applications and improving the efficiency of micro-column solid-phase extractions or solid-phase micro-extractions.
